Introduction
============

Over the past decade, investigation of the human brain functional architecture and network neuroscience has been a major goal of neuroscience research.[@b1-ndt-15-947]--[@b4-ndt-15-947] Support for this connectional perspective on brain function comes from studies of resting-state functional magnetic resonance imaging (R-fMRI), or intrinsic fluctuations of blood oxygen level dependent (BOLD) signal.[@b5-ndt-15-947] Insights from the R-fMRI studies have brought out some functional attributes of human brain function, including large-scale intrinsic networks, and the temporal-spatial structure of the intrinsic BOLD signals.[@b1-ndt-15-947]--[@b4-ndt-15-947]

The brain's repertoire of intrinsic functional architecture is ultimately determined by its structural underpinnings.[@b6-ndt-15-947],[@b7-ndt-15-947] Structural damage (such as those caused by stroke and tumor) often leads to varying degrees of brain dysfunction, depending on the change in topography and extent of the injury. Evidence based on computational neuroscience suggests that damage at the core/central nodes of human brain network, such as the anterior cingulate cortex, precuneus/posterior cingulate cortex, anterior insula, and the thalamus, often leads to collapse of the network.[@b2-ndt-15-947],[@b8-ndt-15-947]--[@b10-ndt-15-947]

Out of all of these important core/central regions, the impact of thalamic damage on the functional architecture of the human brain is yet poorly understood. The thalamus is a primary relay station between the widespread cerebral cortex and subcortical regions, projects to almost all cortical and neocortical regions, maintains neuronal synchronization and well-organized functional networks, and integrates a wide range of cortical information to regulate consciousness, sleep, and wakefulness.[@b8-ndt-15-947]--[@b11-ndt-15-947] Zhang et al[@b12-ndt-15-947] first mapped the intrinsic functional connectivity projection of specific thalamus sub-regions and the cerebral cortex, as well as developmental and maturation trajectories of the thalamocortical functional connectivity.[@b13-ndt-15-947] One previous report focused its attention on the resting connectivity in a single multiple sclerosis patient with an anterior thalamic lesion, in particular in the default mode network (DMN).[@b14-ndt-15-947] Unfortunately, despite the central role of the thalamus, information on the effect of the entire thalamic lesion on the brain's intrinsic activity is still extremely lacking. Thus, an important question arises: how does the destruction of the unilateral thalamus affect the functional operations of the human brain?

We hypothesized that thalamic destruction specifically results in dysfunction of the large-scale network and oscillations of intrinsic brain activity measured by R-fMRI. To explore this issue, we used a unique clinical case, a male patient with left thalamus destroyed by anaplastic astrocytoma (WHO grade III type of astrocytoma).

Methods
=======

Ethics statement
----------------

The present study was approved by the Medical Ethics Committee of Zhongnan Hospital of Wuhan University, and written informed consent in accordance with the 1975 Declaration of Helsinki (and as revised in 1983) following a complete description of the measurement was obtained from all participants. The patient signed a written informed consent form that included permission to publish the case details and any accompanying images.

Subjects
--------

A 30-year-old man was admitted to the hospital with a problem of headache and sleepiness since half a month. The patient complained of decreased vision and tinnitus, with decreased memory and distracted attention. He had no history of central nervous system infection, systemic disease, or congenital/chromosomal abnormality. Structural MRI demonstrated left thalamic space-occupying lesions, with long T1 and long T2 signals and a higher T2 fluid-attenuated inversion recovery (FLAIR) signal. A post-contrast T1-weighted scan revealed intra-focal partial/focal annular enhancement, while the rest did not enhance. The imaging characteristics indicated the diagnosis of glioma. Subsequently, the patient underwent thalamic tumor resection, and the postoperative pathology confirmed anaplastic astrocytoma (WHO grade III) ([Figure 1](#f1-ndt-15-947){ref-type="fig"}). To establish differences between the individual case and its matched healthy controls, similar to the confidence interval reference range for establishing healthy controls, we carefully selected 20 healthy male controls (age range=19--45 years; mean age=31.2 years) with matched age and education. All subjects had normal hearing and vision and were right-handed as determined by the Edinburgh Handedness Inventory test.[@b15-ndt-15-947]

Functional MRI data acquisition
-------------------------------

In all participants, T1 high-resolution anatomical and R-fMRI images were acquired on a Siemens Trio 3.0 T magnetic resonance scanner (Siemens, Munich, Germany). Head movement was restricted using a pillow and foam, and earplugs were used to attenuate scanner noise and maximize patient comfort. During the resting-state functional scans, all subjects were asked to close their eyes, stay awake, and remain as still as possible. A total of 8 minutes of T2\*-weighted BOLD fMRI images were obtained (33 axial slices, 3.8-mm slice thickness with a 0.3-mm gap, 2-s recovery time (TR), 240 volumes). A T1 magnetization prepared rapid gradient echo sequence was also acquired in the same session for co-registration with functional data (176 sagittal slices, 1-mm in-plane resolution).

Preprocessing of fMRI data
==========================

R-fMRI data were processed using DPABI ([rfmri.org/dpabi](http://rfmri.org/dpabi)),[@b16-ndt-15-947] Statistical Parametric Mapping (SPM12, <http://www.fil.ion.ucl.ac.uk>), and MATLAB (<https://www.mathworks.com>), and followed conventional methods as previously described.[@b17-ndt-15-947] The methods mainly included the following steps: 1) discarding the first 10 TRs; 2) correcting for slice acquisition shifts; 3) realigning and correcting for small movements between scans, subjects with a maximum displacement in the x, y, or z direction of more than 2 mm or more than 2° of angular rotation about any axis for any of the 230 volumes were excluded from this study (no subject was excluded according to this criterion); 4) co-registering for individual T1 and the realigned functional volumes; 5) normalizing to the Montreal Neurological Institute (MNI152) space through Diffeomorphic Anatomical Registration Through Exponentiated Lie Algebra (DARTEL);[@b18-ndt-15-947] 6) spatial smoothing (6 mm full-width half-maximum Gaussian blur in each direction); 7) reducing confounding factors via linear regression, including the signals from the white matter and cerebrospinal fluid and linear and quadratic trends; 8) temporal filtering (0.01--0.1 Hz) of the time series; and 9) motion scrubbing with a frame-wise displacement (FD) threshold of 0.5. The clean and low-frequency filtered resting functional volumes were used for further calculations. It should be noted that, for the patient, we made a left thalamic mask to avoid the influence of the lesion on the functional-structural registration.

Seed-based analysis
-------------------

We began our analysis by computing seed-based functional connectivity. Based on our hypothesis and the patient's syndrome, we placed a set of seed regions on the healthy side (right hemisphere), including the default, dorsal attention, visual, auditory, salience, and the language systems, as previously described.[@b19-ndt-15-947],[@b20-ndt-15-947] The seeds were 6-mm-diameter spheres centered on previously published foci ([Table 1](#t1-ndt-15-947){ref-type="table"}).[@b19-ndt-15-947],[@b20-ndt-15-947] Functional connectivity maps were produced by extracting the BOLD time course from a seed region, and then computing the correlation coefficient between that time course and the time course from all other brain voxels.

ROI--ROI correlation analysis
-----------------------------

To characterize the integrity and alterations of the large-scale functional brain architecture, we analyzed the region of interest (ROI)-wise functional connectivity. We selected twenty 6-mm spherical seed regions with the center coordinates on the dorsal attention, default, somatomotor, visual, auditory, and executive control networks ([Table 2](#t2-ndt-15-947){ref-type="table"}).[@b19-ndt-15-947] The BOLD time series were extracted from each seed region, and then the correlation coefficients between the ROI pairs were calculated. The obtained correlation matrix which represented large-scale brain connectivity was then transformed using Fisher's z-shift for further individual versus group statistics.

Amplitude of low-frequency fluctuations analysis
------------------------------------------------

Finally, to analyze the effect of unilateral thalamic lesion on the local and whole brain spontaneous BOLD activity, we calculated the amplitude of the low frequency fluctuations (ALFF).[@b21-ndt-15-947] ALFF mainly characterize the power of the low-frequency BOLD signal, which is supposed to indirectly reflect the extent or intensity of local intrinsic brain activity.[@b16-ndt-15-947],[@b21-ndt-15-947]

Statistical analysis
--------------------

Since this study was for a single case analysis, we used an unpaired *t*-test with equal variance to examine the extent to which individual voxel and connectivity were deviated from its matched healthy controls. We defined the 95% confidence interval based on individual voxel and connectivity measures derived from healthy controls.

Results
=======

Seed-based functional connectivity
----------------------------------

[Figure 2](#f2-ndt-15-947){ref-type="fig"} depicts seed-based analysis, the seed regions settings, and seed-based functional connectivity profiles for the patient and healthy controls. The average correlation map of the seed-based functional connectivity of the healthy controls presents a characteristic layout consistent with previous reports. It can be found that the functional connectivity map of almost all six seed regions (right primary somatomotor, auditory, visual, intraparietal sulcus, inferior frontal gyrus, and posterior cingulate cortex) of the patient shows a decrease in functional connectivity, especially more prominent on the ipsilateral side of the patient's thalamic injury.

Pair wise ROI--ROI correlations
-------------------------------

The patient and healthy controls' ROI-wise functional connectivity matrix and topographies are shown in [Figure 3](#f3-ndt-15-947){ref-type="fig"}. Evidently, the controls showed typical connectional patterns of resting-state fluctuations within and between functional brain systems as previously reported. In contrast, the patient presented a less well-organized network architecture ([Figure 3](#f3-ndt-15-947){ref-type="fig"}, right panel). Specifically, the connectivity matrix of the patient exhibited remarkably decreased functional connectivity within the default, salience, dorsal attention, and visual networks, and decreased functional connectivity between the salience and dorsal attention networks, as well as increased functional connectivity between default mode and salience networks.

Amplitude of low-frequency fluctuations analysis
------------------------------------------------

Remarkable alterations in functional connectivity are seen, considering the nature of the thalamus in regulating cortical rhythm. We raised the question of whether the amplitude of the low frequency BOLD signal contributes to their changes. To explore this issue, we then compared the difference between patient and controls in both voxel- and ROI-levels of ALFF. Gray matter-based voxel-level analysis showed significantly reduced ALFF in the patient in bilateral posterior cingulate gyri, bilateral hippocampus, anterior cingulate gyrus, bilateral lateral parietal, and temporal-parietal conjunctions ([Figure 4](#f4-ndt-15-947){ref-type="fig"}). It is worth noting that these topographies largely overlapped with the default network (medial prefrontal cortex precuneus/posterior cingulate cortex, and bilateral lateral parietal cortices) and the so-called Papez circuit (hippocampal formation, fornix, mammillary bodies, mammillothalamic tract, anterior thalamic nucleus, cingulum, entorhinal cortex, hippocampal formation). The average ALFF values extracted from 46 classic cortical ROIs also suggest a significantly uniform ALFF reduction within the default network, and isolated nodes from other systems ([Figure 5](#f5-ndt-15-947){ref-type="fig"}).

Discussion
==========

Non-invasive MR human brain imaging brings an unprecedented opportunity to understand the human brain architecture. One of the important research domains is the relationship between human brain structure and function. Empirical data and computational neuroscience have revealed that, in complex human brain networks, some hub nodes are critical for maintaining the integrity and dynamics of the functional architecture. In this study, we presented a case to investigate how the damage of the unilateral thalamus would affect the large-scale resting of the human brain.

Using an 8-minute scan of resting-state fMRI data, we analyzed the spontaneous brain activity architecture from three levels: 1) seed-based univariate analysis of a given network within and between hemispheric functional connectivity, 2) large-scale cortical network based on ROI pairs correlations, and 3) amplitude and distribution of these spontaneous neural activities. Consistent with our hypothesis, unilateral thalamic injury significantly reduced functional connectivity in the sensory (visual, auditory, and somatomotor) and cognitive networks (dorsal attention, default, and salience), meanwhile suppressed cortical spontaneous BOLD fluctuations were also found in this patient.

Effects of thalamic lesions on resting-state functional connectivity
--------------------------------------------------------------------

Thalamic injury significantly disrupts the large-scale neuronal networks (the canonical signature of low-frequency fluctuations patterns), which mostly reduce within and between the brain network systems. One previous study has also focused its attention on resting connectivity between a single multiple sclerosis patient with an anterior thalamic lesion and a group of controls, in particular, in the default mode network.[@b14-ndt-15-947] In this particular case of our study, we presented a complete glioma-induced left thalamic destruction that extended the range of damage, and thus the damage spectrum spanned the default network and involved multiple large-scale brain networks of both advanced cognitive functional networks and primary sensory networks. Widespread reduction in cortical functional connectivity is thought to be responsible for communication and goal-directed behavioral disorders, including physical disconnection caused by traumatic brain injury,[@b22-ndt-15-947] reduced occipital inputs due to early blindness,[@b23-ndt-15-947] reduced sensory motor functionality in early stage limb-onset amyotrophic lateral sclerosis,[@b24-ndt-15-947] and the multidimensional sensory abnormalities caused by acute infarction or bleeding of the unilateral posterolateral thalamus.[@b14-ndt-15-947]

The thalamus is an important node on the basal ganglia circuitry,[@b8-ndt-15-947] it not only promotes the transmission of almost all cortical inputs, including primary sensory, and advanced cognitive functions but also facilitates the regulation and integration of this information. Cortical-thalamic-cortical loops are another important way for the thalamus to function, promoting sensorimotor and advanced cognitive input information to the neocortex.[@b9-ndt-15-947],[@b11-ndt-15-947],[@b25-ndt-15-947] Previous functional[@b12-ndt-15-947] and diffusion[@b26-ndt-15-947] MRI have established functional connectivity and fiber tracking projections of the thalamus-cortex. Based on these findings, prominent changes were reported in various physiological states,[@b27-ndt-15-947] development,[@b13-ndt-15-947],[@b28-ndt-15-947],[@b29-ndt-15-947] and brain diseases.[@b30-ndt-15-947]--[@b32-ndt-15-947]

Altered resting spontaneous activity
------------------------------------

The widespread reduction in cortical functional connectivity raised a question whether that may reflect changes in the information propagation by the thalamic gating, and we continued to investigate the amplitude of this spontaneous neural activity (ie, the ALFF). We found that the overall ALFF in the patient's gray matter ROIs was generally lower than the mean of the healthy controls +2 standard deviations. Further voxel-based statistical analysis found that the topographies of the patient with significantly reduced ALFF included posterior cingulate gyrus, bilateral hippocampus, anterior cingulate gyrus, bilateral lateral parietal and temporal-parietal conjunctions. It is worth noting that these topographies largely overlapped with the default network and the so-called Papez circuit.

On the other hand, results of the ALFF analysis are from those of functional connectivity, whose findings involved multiple large-scale brain networks. One main reason may be that the unilateral thalamic lesion disrupts the subcortical information outputs and cortical communication and integration, leading to frequency changes in neuronal assembly oscillations.

The default brain network was traditionally found to be a negative activation while performing goal-directed tasks, possibly as a baseline activity at rest.[@b33-ndt-15-947] Later clinical applications in the neuroimaging community have found characteristic changes (mainly reduced) of the default network in memory impairment-associated conditions including Alzheimer's disease, altered coupling of default network, and other large-scale networks in attention deficit hyperactivity disorder and autism (for a systemic review, please see Raichle[@b3-ndt-15-947]). Especially in the past decade, graph theory analysis (based on human brain connectome data) and cluster analysis have identified that DMN is at the core of the human brain functional hierarchy.[@b2-ndt-15-947] Recent studies have recognized lag structure in the human intrinsic architecture, the DMN is supposed to be an early spatiotemporal source, promoting the propagation of neural information to other large-scale cortical networks (later spatiotemporal sources).[@b4-ndt-15-947],[@b34-ndt-15-947] A number of previous studies have reported focally reduced ALFF in various neuropsychiatric conditions.[@b35-ndt-15-947],[@b36-ndt-15-947] It is highly likely that these effects are related to the decreased local activity and shifted frequency band.[@b37-ndt-15-947],[@b38-ndt-15-947] In summary, ALFF anomalies mainly occur in the DMN and the Papez circuit as these regions may serve as a source of spontaneous signaling, mediating the integration of other sensory and cognitive networks, cortical rhythms of inhibitory control, and coordination.

This report has important clinical implications, as previous studies have focused on intact brain and animal experiments in the thalamus. This study provides insight into understanding the effects of unilateral thalamic destruction on the amplitude and correlation patterns (connectivity) of resting spontaneous neural activity. Thalamic stimulation therapy for disorders, Parkinson's disease, etc. provides theoretical evidence, and also provides a potentially useful tool for understanding its targeted stimulation.

Conclusion
==========

Unilateral thalamic damage suppresses the amplitude of spontaneous neuronal activity, especially in the default network and Papez circuit, as well as the integrity and coupling of large-scale functional networks, and functional connectivity within the ipsilateral side of injury. This result provided evidence about the consequences of thalamic destruction on the correlation and landscape of spontaneous brain activity, thus promoting our understanding of the effects of thalamic damage on large-scale brain networks.
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![Brain MRI for the case. Conventional MRI sequences (**A**) T1WI, (**B**) T2WI, and (**C**) T2 FLAIR, left thalamic mass showed long T1, long T2, and higher T2-FLAIR signals, respectively; (**D**) contrast-enhanced T1WI sequence, small focal ring enhancement in the posterior part of the mass, no enhancement in the rest of the mass; (**E**) diffusion weighted imaging (DWI), b=1,000, a slightly higher ring signal in the dorsal mass; (**F**) ADC shows a slightly lower ring in the posterior mass, suggesting limited water diffusion; (**G**) A DTI sequence, FA map suggests that the left thalamic FA is significantly reduced compared with the contralateral side; (**H**) DTI fiber tractography, white matter fiber in the left thalamic lesion were destructed or partial displacement; (**I**) MRS, left thalamic lesion enhancement area ROI metabolite spectrum, Cho increased significantly, NAA decreased significantly, Cho/NAA ratio of 8.09, and inverted lactate peak. The postoperative pathology confirmed the anaplastic astrocytoma (WHO grade III).\
**Abbreviations:** ADC, apparent diffusion coefficient; Cho, choline; DTI, diffusion tensor imaging; FA, fractional anisotropy; FLAIR, fluid-attenuated inversion recovery; MRS, magnetic resonance spectroscopy; NAA, N-acetylaspartate; ROI, region of interest.](ndt-15-947Fig1){#f1-ndt-15-947}

![Seed-based functional connectivity. (**A**) Schematic of seed region selection, these 6-mm-diameter spherical regions include the right primary SM, A1, V1, IPS, IFG, and PCC, whose functional roles are involved in the somatomotor, auditory, visual, dorsal attention, language, and default systems, respectively. (**B**) The topographies where time courses in the patient's seed region is positively correlated (r=0.5) with other voxels in the whole brain, which are large-scale brain network systems including the somatomotor, auditory, visual, dorsal attention, language, and default systems; visually, these networks show prominent reductions in the contralateral functional connectivity corresponding to the seed regions (ie, ipsilateral functional connectivity). (**C**) Group average functional connectivity maps (correlation maps) of the healthy controls, the topographies where time courses in the seed region is positively correlated (r=0.5) with other voxels in the whole brain, outlines typical large-scale brain networks, as previous described and reported.\
**Abbreviations:** A1, auditory; IFG, inferior frontal gyrus; IPS, intraparietal sulcus; PCC, posterior cingulate cortex; SM, somatomotor; V1, visual.](ndt-15-947Fig2){#f2-ndt-15-947}

![ROI-based large-scale brain networks. Left panel: group average of ROI-based functional connectivity in healthy controls, topographies of large-scale brain networks including dorsal attention, default, somatomotor, visual, auditory, and salience systems from top to bottom. Middle panel: functional connectivity matrices (20 nodes×20 nodes correlation) of healthy controls' mean (top), patient (middle), and between-group difference in patient versus controls comparison via Z-transformation (bottom, the elements in this matrix have been transformed into corrected *P*-values, with only *P*≤0.05 coloring, and *P*\>0.05 colored with uniform dark blue). Right panel: ROI-based functional connectivity in the patient, topographies of large-scale brain networks including dorsal attention, default, somatomotor, visual, auditory, and salience systems from top to bottom.\
**Abbreviations:** AUD, auditory network; DAN, dorsal attention network; DMN, default mode network; ROI, region of interest; SAL, salience network; SMN, somatomotor network; VIS, visual network.](ndt-15-947Fig3){#f3-ndt-15-947}

![Amplitude of low-frequency fluctuations analysis. (**A**) Average gray matter resting fluctuations amplitude in the healthy controls. (**B**) Gray matter resting fluctuations amplitude in the patient. (**C**) Between-group comparison of patient versus controls via Z-transformation.\
**Note:** Y and Z represent sagittal and axial coordinates, respectively, in standard brain template space.\
**Abbreviations:** L, left; R, right.](ndt-15-947Fig4){#f4-ndt-15-947}

![ALFF signals over predefined ROIs. The average values in the patient (blue) and controls (orange) across 46 6-mm-diameter spherical canonical ROIs (all in gray matter),[@b20-ndt-15-947] corresponding to previously described nodes within the default, dorsal attention, executive control, salience, somatomotor, primary visual, as well as primary auditory networks (labeled in the bottom panel). The error bars indicate 95% confidence interval for the ALFF values derived from the healthy controls.\
**Abbreviations:** A1, auditory; ALFF, amplitude of the low frequency fluctuations; IPS, intraparietal sulcus; MT, middle temporal region; PFC, prefrontal cortex; ROI, region of interest; V1, visual.](ndt-15-947Fig5){#f5-ndt-15-947}

###### 

Seed regions and coordinates for seed-based analysis

  System             Seed                                  Talairach coordinates (R)
  ------------------ ------------------------------------- ---------------------------
                                                           
  Somatomotor        Right somatomotor                     (39, −26, 51)
  Default            Right posterior cingulate/precuneus   (4, −40, 43)
  Language           Right inferior frontal gyrus          (48, −13, 31)
  Visual             Right V1                              (20, 75, 12)
  Auditory           Right A1                              (50, −25, 8)
  Dorsal attention   Right intraparietal sulcus            (21, −69, 30)

**Notes:** System, seed name, and Talairach coordinates for seed regions used in this analysis are shown. These seed regions and coordinates were from Pizoli et al.[@b20-ndt-15-947]

**Abbreviation:** R, right.

###### 

Seed regions and coordinates for ROI-wise analysis

  ---------------------------------------------------------------------------------------------
  System              Seed    BA                             Talairach coordinates (L) (R)
  ------------------- ------- ------------------------------ ----------------------------------
                                                             

  Dorsal attention    FEF     6                              (−24, −12, 57) (28, −7, 54)

  IPS                 7       (−23, −66, 46) (25, −58, 52)   

  MT +                19/37   (−45, −69, −2) (45, −69, −4)   

  Default             MPF     32/10                          (−3, 39, −2) (1, 54, 21)

  LP                  39      (−47, −67, 36) (53, −67, 36)   

  PCC                 31      (−5, −49, 40)                  

  Somatomotor         SM      4/3, 1, 2                      (−39, −26, 51) (38, −26, 48)

  Visual              V1      17                             (−19.5, −75, 12) (16.5, −72, 12)

  Auditory            A1      41                             (−50, −25, 8) (50, −25, 8)

  Executive control   dACC\   32                             (−1, 10, 46)\
                      OP                                     (−35, 14, 5) (36, 16, 4)
  ---------------------------------------------------------------------------------------------

**Notes:** System, seed name, BA, and Talairach coordinates for seed regions used in this analysis are shown. These seed regions and coordinates were from Johnston et al.[@b19-ndt-15-947]

**Abbreviations:** BA, Brodmann's area; L, left; R, right; ROI, region of interest.
